Abstract The soybean aphid, Aphis glycines Matsumura, was introduced in 2000 to North America and has become one of the most significant pests to soybean, Glycine max (L.) Merrill, production. Possible solutions to this problem are the use of resistant plants and the understanding of the genes involved in plant resistance. In this study, we sought to better understand the genes involved in the tolerance response of soybean plants to the soybean aphid, utilizing tolerant (KS4202) and susceptible (K-03-4686) plants. Studies were conducted under greenhouse conditions. Leaf samples of both tolerant and susceptible plants were collected at day 5 and day 15 after infestation and analyzed by sequencing-by-synthesis on an Illumina GA II X instrument. In the tolerant genotype, 3 and 36 genes were found to be differentially expressed in the infested plants compared to the control treatments at day 5 and day 15, respectively. A similar comparison in the susceptible genotype revealed 0 and 11 genes to be differentially expressed at day 5 and day 15, respectively. Predominately, genes related to plant defense, such as WRKY transcription factors, peroxidases, and cytochrome p450s, were upregulated in the tolerant genotype 15 days post-infestation by aphids. In contrast, none of these genes were similarly up-regulated in the susceptible plants, suggesting that consistent elevation of defense responses is important to plant tolerance. However, significant genotypic differences in global gene expression were also found when transcriptomes from control uninfested plants were compared at both day 5 and 15. qPCR validation of select genes confirmed our RNA-seq data. These comparisons indicate that potentially broader regulation of transcriptomes also contributes to the tolerance response and provides data that the tolerant genotype (KS4202) could be useful in soybean breeding programs trying to minimize production losses accruing from soybean aphid feeding.
Introduction
Soybeans [Glycine max (L.) Merrill] are an important global commodity and are grown across large areas of the USA. Since the first introduction of the soybean aphid, Aphis glycines Matsumura, in the early 2000s, it has emerged as a major pest of soybeans. Aphids have now spread to 30 states and several south Canadian provinces (Hartman 2001; Alleman 2002; Venette and Ragsdale 2004; Beckendorf et al. 2008; NAPIS 2011) and have caused considerable economic damage to soybean growers (NAPIS 2011; Ragsdale et al. 2011; McCarville et al. 2011; Ragsdale et al. 2007; Venette and Ragsdale 2004) . Different strategies have been developed to manage this pest including chemical, biological, and cultural control methods (Wang and Ba 1998; Wang et al. 2000; Ostlie 2002; Hill et al. 2004; Wu et al. 2004; Rutledge and O'Neil 2006; Brosius et al. 2007) . Recently, plant resistance has gained attention as a viable management option. Soybeans that exhibit antibiosis, antixenosis, and tolerance have been identified (Hill et al. 2004 (Hill et al. , 2006a Mensah et al. 2005; Diaz-Montano et al. 2006; Kang et al. 2008; Mian et al. 2008; Pierson et al. 2010; Prochaska et al. 2013) . Genes that confer resistance to the soybean aphid through antibiosis have been reported (Wiarda et al. 2012) . These include Rag1, found from the cultivar Dowling, and Rag2 that were identified in the variety PI 200538 (Hill et al. 2006a (Hill et al. , 2009 . Within North America, Rag1 has been incorporated into soybean cultivars that are sold commercially. However, virulent A. glycines biotypes have also been identified.
Microarray analyses using cultivar (cv) Dowling as a resistant source and cv Williams 82 as a source for susceptibility found that cv Dowling showed a differential expression of 140 genes when challenged with A. glycines as compared to the susceptible cv William 82 plants. Specifically, three plant defense-related genes were upregulated earlier in the resistant line (Li et al. 2008b ). More recently, Studham and Macintosh (2013) investigated the effect of the Rag1 gene on the transcriptional responses of soybean challenged with soybean aphids using line LD16060 as a source of resistance and SD01-76R as a susceptible source. Using a microarray analysis combined with qPCR on select genes, they showed that the susceptible plants had significant gene expression changes elicited by aphid herbivory, as compared to the resistant soybean line. They suggested that the resistant line constitutively expresses many of the defense-related genes. Verification of the microarray data using qPCR showed over a 10-fold change in data for the same genes in repeat experiments, suggesting that significant variation could occur during this validation experiment. However, the basic findings were that aphid infestation changed the plant transcriptome in a mostly predictable manner and that these differences (despite huge experimental variances) were consistent between the susceptible and resistant lines.
Plant tolerance is a form of resistance that allows a plant to harbor a large number of aphids without a significant loss in yield (Smith 2005) . Although tolerance has been identified in soybean (Pierson et al. 2010; Prochaska et al. 2013) , limited information is available on how soybean aphid feeding impacts the underlying transcriptional machinery of the plant. Using a susceptible and a tolerant soybean line, Pierson et al. (2011) showed that physiological and biochemical differences exist between aphid-infested and aphid non-infested plants. Total photosynthetic capacity was reduced in aphidinfested plants when compared to control (non-infested) plants of the susceptible genotype Asgrow 2703. Few differences existed between aphid-infested and non-infested plants in the tolerant KS4202 genotype (Pierson et al. 2011; Prochaska et al. 2013) . Through peroxidase profiling, Pierson et al. (2011) observed unique banding patterns between aphid-infested and non-infested plants, suggesting peroxidases may play a role in the plant response to aphid herbivory.
To more effectively query global plant responses to aphid feeding, it is possible to utilize microarrays and nextgeneration sequencing (NGS) technology. Microarrays have been routinely used to study plant responses to insect herbivory (Reymond et al. 2000; Halitschke et al. 2003; Voelckel et al. 2004; Park et al. 2005a, b; Smith and Boyko 2007; Li et al. 2008b; Gutsche et al. 2009 ). Relatively, few of these studies have used plants with divergent responses to aphids (Zhu-Salzman et al. 2004; Park et al. 2005a, b; Couldridge et al. 2007; Kempema et al. 2007; Li et al. 2008b; De Vos and Jander 2009; Studham and Macintosh 2013) . Here we have used NGS to compare and contrast changes in leaf transcriptomes from tolerant and susceptible soybean plants in response to infestation by A. glycines that may help uncover more about the tolerant response found in soybean KS4202.
Materials and methods
Two soybean genotypes were selected for Illumina sequencing to gain a better understanding of the tolerant response to soybean aphid feeding. The genotypes selected for sequencing included the tolerant genotype KS4202 and the susceptible genotype K03-4686 (Pierson et al. 2010 (Pierson et al. , 2011 Chandran 2011; Prochaska et al. 2013) . Four seeds of each genotype were planted in potting media (34 % peat, 31 % perlite, 31 % vermiculite, and 4 % soil mix) in 15-cm-diameter round plastic pots (Hummert International, Earth City, MO, USA). Plants were thinned to one plant per pot once seedlings emerged from the soil. Soybeans were grown to the V5 vegetative stage (Fehr and Caviness 1977) in a greenhouse setting under 400-W high-intensity lamps with a 16:8 (L:D) hour photoperiod at a temperature of 23 ± 2°C.
V5 stage soybean plants were infested with 20 adult aphids on the uppermost fully opened trifoliate. Soybean aphids were obtained from a laboratory maintained colony (Biotype 1, Illinois Biotype). The treatment design was a 2 9 2 9 2 factorial design with two soybean genotypes (tolerant and susceptible), two infestation treatments (control (non-infested) and 20 aphids per plant), and two harvest dates (5 and 15 days). All plants were caged with tubular plastic cages with vents covered with organdy fabric to confine the aphids. Day 5 was selected expecting that no physical damage would be visible, but that some metabolic changes would occur. Day 15 was selected as we expected physical and metabolic changes to occur based on observations seen by Pierson et al. (2010 Pierson et al. ( , 2011 and Prochaska et al. (2013) . The experimental design was a completely randomized design with six replications.
Before destructively harvesting plants for Illumina sequencing, damage ratings were performed using a 1-5 scale, where 1 = B10 % yellowing discoloration; 2 = 11-30 % yellowing discoloration; 3 = 31-50 % yellowing discoloration; 4 = 51-75 % yellowing discoloration; and 5 = C76 % of leaf area with yellowing discoloration or dead tissue (Hill et al. 2004; Pierson et al. 2011) . Aphid number and plant stage were also recorded. At the time of harvest, plants were in the V6-V7 vegetative stages. Aphids were removed from the plants with a camel hairbrush. Following aphid removal, the top two trifoliates (youngest plant tissue) were harvested, flash-frozen in liquid nitrogen, and stored at -80°C until analyzed.
From each of the six biological replicates, three samples were randomly selected and submitted to the University of Nebraska-Lincoln Biotechnology Center for RNA sequencing using Illumina technology. Total RNA was isolated from the soybean leaf samples, and quality was verified by a bioanalyzer (2100 Bioanalyzer, Agilent, Santa Clara, CA, USA) prior to generation of cDNA libraries (Chomczynski and Sacchi 1987) . Libraries were analyzed using the Illumina Genome Analyzer IIx (www.illumina. com) and 56 cycles of sequencing-by-synthesis chemistry using manufacturer supplied protocols. Sequence reads were aligned to the soybean genome-G. max 109 (Goodstein et al. 2011 )-using the Bowtie mapping software (Langmead et al. 2009 ) and gene expression counts calculated using HTSeq (Anders 2010) . Differential expression analysis was done in R (R Core Team 2013) using the Bioconductor (Gentleman et al. 2004 ) distributed package DESeq2 (Anders and Huber 2010) . Only significant genes at the false discovery rate (FDR) of \0.10 are reported. The cutoff for average log 2 fold change between the aphid-infested and control samples was ±2.0.
cDNA synthesis and qPCR validation
Using 2.5 lg of total RNA treated with RNase-free DNase I (Life Technologies, Rockville, MD, USA), first strand cDNA synthesis was completed using ThermoScript RT-PCR system (Life Technologies) according to the manufacturer's protocol. All qPCR was performed on a 7500 Fast Real-Time PCR system (Applied Biosystems) using Bio-Rad SsoAdvanced SYBR Green (Bio-Rad Laboratories, CA, USA) following the manufacturer's protocol which consists of 95°C for 30 s, then 40 cycles of 95°C for 5 s and 60°C for 30 s. Four specific genes used for validation were (1) Glyma06g15030: (fwd:
, and (4) Glyma05g27030 (fwd:
0 ) was included in the validation as the endogenous control.
Results and discussion

Damage ratings
Minimal evidence of visible plant damage was observed between infested tolerant and susceptible plants at 5 (tolerant infested: 1.3 ± 0.21, tolerant control: 1.0 ± 0.00, susceptible infested: 1.5 ± 0.22, and susceptible control: 1.0 ± 0.00) and 15 (tolerant infested: 1.2 ± 0.16, tolerant control: 1.0 ± 0.00, susceptible infested: 1.5 ± 0.22, and susceptible control: 1.0 ± 0.00) days after aphid infestation. Furthermore, the number of aphids on the tolerant and susceptible genotypes was similar on day 15 (tolerant: 217.00 ± 79.93 and susceptible: 241.00 ± 38.23). Differences were found on day 5 (tolerant: 25.00 ± 2.44 and susceptible: 53.17 ± 9.73).
Mapping statistics
Soybean cDNA libraries were constructed from leaf tissue of tolerant and susceptible plants infested with soybean aphids throughout a time course, and data are summarized in Table 1 . An average of 25.6 million and 37.6 million 56-bp single-end reads were generated from RNA obtained from susceptible plants at day 5 and day 15, respectively. In the tolerant genotype, the average number of 56-bp single-end reads at day 5 and 15 were 23.3 million and 29.2 million. Overall, approximately 98 % of the reads mapped to the reference soybean transcriptome.
Through a log 2 fold change comparison with a FDR \ 0.1, relative gene expression levels were compared between infested and control plants for the tolerant genotype. A total of two differentially expressed genes (DEGs) had a higher expression level (log 2 [ 2.0), and 0 DEGs had a lower expression level (log 2 [ -2.0) in response to aphid feeding at day 5. By day 15, 19 DEGs had a higher expression level in aphid-infested plants when compared to control plants and five DEGs had a lower expression level between tolerant infested and control plants (Table 2) . Comparisons with the susceptible genotype at 5 days after aphid introduction showed no DEGs with higher or lower gene expression levels. By day 15, five DEGs in the infested susceptible plants had a higher expression level and five DEGs had a lower expression level when compared to control (non-infested) plants (Table 2) . Studham and MacIntosh (2013) showed that plant defense responses occur early in the presence of aphid feeding (24 h), with continued expression changes at later time points (7 days after infestation). Genetic differences between the susceptible and resistant plants appeared to contribute to this differential response. Li et al. (2008b) observed that several genes appear to be expressed at higher levels in resistant plants, whereas susceptible plants showed an increase in the expression of these same genes after 24 h. From our dataset, we observed the number of DEGs to be greater at day 15 in the susceptible aphidinfested versus aphid non-infested plants and in the tolerant aphid-infested versus aphid non-infested plants ( Table 2 ).
The differences between our experiments may result from the soybean varieties selected, evaluation intervals (days 1 and 7 vs. days 5 and 15), aphid infestations levels, and possibly a combination between local and systemic responses.
qPCR validation
Gene expression studies were performed using qPCR to validate the NGS datasets, using RNA extracted from a repeat experiment performed in a manner identical to those used for Illumina sequencing. Transcript abundances of select genes (Glyma06g15030, Glyma16g02960, Glyma17g34210, and Glyma05g27030) found to be differentially expressed in the susceptible and tolerant soybeans (Tables 3, 4) were analyzed. Overall, qPCR data ( Fig. 1 ) confirmed RNA-seq analyses, although some variation was noted, similar to studies reported by Studham and Macintosh (2013) .
Analysis of differentially expressed genes
Five days after infestation, there were three DEGs in tolerant infested plants. Two of these genes were of unknown function and one (Glyma10g31610) was a yellow stripelike (YSL) ortholog (Table 3) . YSLs are membrane located transporters that are important to the intercellular transport of iron and other metals and contribute to the overall metal nutrition in plants (Brear et al. 2013; Conte et al. 2013) . Although metal ion transporters have not been analyzed in detail in plant-aphid interactions, it is possible that they could be part of the cascade of changes that are elicited upon aphid feeding (Boyd 2006; Poschenrieder et al. 2006) . After 15 days of aphid infestation, 36 genes were differentially expressed in the tolerant infested plants. From those 36 genes, six DEGs were down-regulated and 30 genes were up-regulated (Table 3) . Several of these genes encode for proteins with known involvement in plant responses to biotic stress and/or insect feeding, including peroxidases, cytochrome P450s, WRKY transcription factors, lecunie-rich receptor kinases (LRR), a Kunitz trypsin inhibitor, CoA ligases, and pectin lyases. Class III plant peroxidases serve a central role in the cell wall building process, wound healing, auxin catabolism, the removal of hydrogen peroxide, and defense against pathogen or insect attack (Hiraga et al. 2001; Ni et al. 2001; Kawano 2003; Heng-Moss et al. 2004; Gutsche et al. 2009; Gill and Tuteja 2010) , and the related ascorbate peroxidases are essential for detoxifying excess cellular hydrogen peroxide (Jespersen et al. 1997; Ishikawa and Shigeoka 2008; Gill and Tuteja 2010) . Further evidence has documented increased levels of peroxidases playing a role in defensive responses to aphid herbivory in a number of plant systems (Argandona et al. 2001; Ni et al. 2001; Park et al. 2005a, b; Smith and Boyko 2007; Gutsche et al. 2009 ). Changes in peroxidases, based on microarray analyses, have also been documented in the rice/wheat-Hessian fly systems (Liu et al. 2010) , and these changes appear to be part of the plant defense against this pest.
We found a peroxidase gene (Glyma06g15030) with significantly higher expression levels (with a false discovery rate (FDR) of 0.026 [log 2 fold change (FC) = 2.6]) in the infested tolerant plants when compared to the tolerant control plants at day 15 (Table 3) . A second peroxidase gene (Glyma14g35440) was found in the tolerant soybean to be differentially expressed at day 15 between the control and infested treatments with a FDR of 0.095 and an average expression found to be about 15 % higher in infested plants compared to control plants at this time point. No peroxidase genes were found to be differentially expressed at day 5. Pierson et al. (2011) reported an increase in peroxidase activity in the tolerant soybean in response to aphid feeding at 24 and 28 days after aphid infestation. In contrast, peroxidase genes were not differentially expressed in the susceptible plants at either day 5 or 15 after aphid infestation. These data are consistent with a previously proposed hypothesis (Heng-Moss et al. 2004; Franzen et al. 2007; Gutsche et al. 2009; Ramm et al. 2013 ) that tolerant plants have the ability to elevate their level of reactive oxygen species (ROS)-scavenging enzymes, such as peroxidases, which enable them to efficiently remove intracellular ROS that accumulate in response to aphid feeding.
Two genes encoding cytochrome P450s were also found to be differentially expressed in the tolerant soybean at day 15. Glyma11g06390 (cytochrome P450 family 82) was found to have increased expression during infestation with a FDR of 0.041 (Table 3 ). The second cytochrome P450 encoding gene (Glyma05g27030) had a FDR of 0.062 (Table 3 ) with increased expression. No differences in gene expression were found in the day 5 time point of the tolerant genotype nor in either time points of the susceptible soybean (Tables 3, 4 ). In plants, cytochrome P450s, some of which are involved in jasmonic acid (JA)-mediated defense responses (Park et al. 2002) , have been shown to be induced in aphid-resistant wheat and sorghum in response to Diuraphis noxia and Schizaphis graminum, Early Fe deficiency response (Murgia et al. 2011) Glyma18g10330 2.1 0.06 AT4G04450 WRKY family transcription factor (WRKY 6, 31, 36, 42, 47) Responses to low-Pi stress (Chen et al. 2009) Glyma10g34160 2.0 6.56E-04 AT1G20510 OPC-8:0 CoA ligase1 Acyl-coenzyme A synthetase family (Kienow et al. 2008) respectively (Park et al. 2005a, b; Boyko et al. 2006) . Our data generally support these earlier findings. In Arabidopsis, the Glyma11g06390 ortholog (AT4G31940) is shown to be tied to the early iron deficiency response, possibly through an iron-deficiency-responsive element (IDE1)-like mediated pathway (Murgia et al. 2011) . It is plausible that changes in the YSL transcripts observed at day 5 after aphid infestation in tolerant plants, coupled to the downregulation of two ferritin genes at day 15, could be indicative of an underlying change in tissue iron levels. Glyma11g06390 encodes a cytochrome P450 enzyme. P450s can catalyze a number of different reactions, and the role of this soybean P450 in the defense response of the plant is unknown at this time. As an example, the CYP82E4 gene, a member of the cytochrome P450 family 82 in tobacco, encodes a nicotine N-demethylase that can convert nicotine to nornicotine (Siminszky et al. 2005; Xu et al. 2007; Murgia et al. 2011) . Nicotine and related metabolites are part of the tobacco defense against insects, and it is possible that the soybean P450 enzyme catalyzes reactions needed to generate defense compounds specific to soybeans.
Four WRKY genes were shown to be differentially expressed in the tolerant soybean. These included Glyma16g02960 (orthologous to AtWRKY41 and AtWRKY53), Glyma17g34210, (AtWRKY50 and AtWRKY51), Glyma18g10330 (AtWRKY42, AtWKRY6, AtWKRY31, AtWRKY36, and AtWRKY47), and Glyma03g41750 (AtWRKY30 ; Table 3 ). WRKY genes have been reported to be involved in plant defense in other systems, such as wheat (Lapitan et al. 2008; Eck et al. 2010; Botha et al. 2010 ). In Arabidopsis, 74 genes have been found to encode WKRY transcription factors (Pandey and Somssich 2009) . WRKYs are involved in a large array of plant responses and frequently can serve redundant functions (Pandey and Somssich 2009 ). For example, AtWRKY70 serves as a convergence point that determines the balance between salicylic acid (SA) and jasmonic acid (JA) defensive pathways (Pandey and Somssich 2009 ). Many WRKYs, including AtWKRY41 and AtWRKY53, serve as negative regulators of defense signaling (Pandey and Somssich 2009) . AtWRKY50 and AtWRKY51 appear to serve as positive regulators of SA-mediated signaling and as negative regulators of JA-mediated signaling (Gao et al. 2011 ). AtWRKY42 and WRKY6 are part of the WRKY group II-b family. Several of the WRKY genes that are members of the group II-b are involved in Arabidopsis response to lowPi (phosphate) stress by regulating PHOSPHATE1 (PHO1) expression (Chen et al. 2009 ). Coincidently, Glyma10g04230 coding for a phosphate transporter is significantly enriched in tolerant plants 15 days after aphid introduction. AtWRKY30 is a general stress response gene that plays a vital role in the plant's defense against various stresses, especially during early growth stages (Scarpeci et al. 2013) . Our data would suggest that the differentially expressed soybean WRKY orthologs participate in similar cascades as has been described in Arabidopsis. Glyma20g01930 -2.8 0.02 AT5G12020 17.6 kDa class II heat shock protein Heat shock protein (Sun et al. 2001) Glyma19g27780 -4.3 0.03 AT3G01590 Galactose mutarotase-like superfamily protein
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Four genes encoding for disease family resistance proteins/leucine-rich repeat (LRR) proteins were found to be differentially expressed in the tolerant soybean at day 15 (Glyma16g31420, Glyma16g30360, Glyma16g30350, and Glyma16g30600; Table 3 ). No significant differences were found at day 5 in the tolerant genotype. In plants, all of the aphid resistance genes, reported so far, encode nucleotide binding site-LRR proteins (Crute and Dunn 1980; Chen et al. 1997; Rossi et al. 1998; Milligan et al. 1998; Nombela et al. 2003; Wroblewski et al. 2007) . These large, and often abundant, proteins aid in the detection of diverse pathogens including bacteria, viruses, fungi, insects, and nematodes.
One gene encoding for a Kunitz trypsin inhibitor (Glyma01g11870) was found to be up-regulated in the tolerant soybean at day 15 (Table 3) . Protease inhibitors have been widely studied in animals, plants, and microorganisms with their roles in plants often associated with defense against pests (Lee et al. 1999) . Lee et al. (1999) showed that transgenic rice plants appear to be more resistant to the brown planthopper (Nilaparvata lugens Stål) over control plants after the use of a recombinant plasmid to introduce a Kunitz trypsin inhibitor into the protoplasts. Their studies indicated that the introduction of Kunitz trypsin inhibitors could be used to control the brown planthopper in R1 and R2 generation rice plants and potentially be used to control other insect pests in rice.
One gene encoding for acyl-coenzyme A (CoA) ligase (Glyma10g34160) was found with higher gene expression in the tolerant soybean at day 15 (Table 3) . Kienow et al. (2008) showed that four carboxylic acid activating enzymes, including that of CoA ligase, displayed activity toward different biosynthetic precursors of jasmonic acid in response to stress. In previous studies, jasmonic acid has been shown to play an important role in plant defense against insect pests (McConn et al. 1997; Paré and Tumlinson 1999; Howe and Jander 2008; Gaquerel et al. 2013; Ballaré 2014) .
Interestingly, Glyma13g02540, encoding a nitrate reductase, was differentially regulated in the tolerant and susceptible plants. Transcripts for this gene were significantly (-2.3-fold) down-regulated in the tolerant plants and significantly up-regulated (3.2-fold) in the susceptible plants. Aphid feeding can lead to a 2-fold increase in nitrate reductase activity in cabbage seedlings infested with the green peach aphid (Myzus persicae) (Wilson et al. 2011 ). These authors suggest that possible signals present in the salivary secretions of the aphid trigger the increase in nitrate reductase activity in cabbage leaf. Data presented here are consistent with the Wilson et al. (2011) Glyma05g26390 -5.35 0.01 AT1G48100 Pectin lyase-like superfamily protein
Protein coding (Theologis et al. 2000) tolerant soybean genotype, a differential response (as compared to the susceptible plants) can be expected (Prochaska et al. 2013; Pierson et al. 2011) . However, more work is needed to tease apart the molecular networks that lead to these differences. No genes were found to be differentially expressed at day 5 after aphid infestation in the susceptible soybean (Table 4) . Fifteen days following aphid infestation, five genes were found with lower gene expression and six genes were found with higher gene expression in the susceptible genotype (Table 4) .
Fifteen days after infestation, one gene encoding for heat shock protein (HSP) was found to be differentially expressed in the susceptible soybean. Glyma13g27590, encoding for heat shock protein 70 (HSP70), had a FDR of 0.035 (Table 4) . Heat shock proteins perform a variety of functions in plants from protein folding to assembly, translocation, and degradation in cellular processes and can assist in the refolding of proteins under stress conditions. It has been demonstrated in expression profile studies that HSP70 genes are expressed in response to stresses such as heat, cold, drought, chemical, and other environmental stresses in Arabidopsis and spinach (Guy and Li 1998; Lin et al. 2001; Sung et al. 2001; Wang et al. 2004 ).
Glyma05g26390, a gene encoding for pectin lyase, was found to be down-regulated at day 15 in the susceptible soybean (Table 4) . Pectin lyases contribute to several biological processes, including the degradation of pectin found in the plant cell wall (Cao 2012) . This suggests that the plant is down-regulating expression of pectin lyase, which would lead to a reduced rate of pectin degradation as it attempts to protect itself from the stress of aphid herbivory (Cao 2012 ). We did not find any pectin lyases to be differentially expressed in the tolerant soybean at day 5 or day 15.
Gene expression trends between non-infested tolerant and susceptible control plants Analysis of differences in the transcriptomes of tolerant and susceptible plants was undertaken to provide data on the baseline differences in gene expression in these two genotypes of soybeans. Various DEGs were found in the tolerant control versus susceptible control plants. The day 5 analysis showed 709 DEGs to be down-regulated and 341 DEGs to be up-regulated in the tolerant control soybean (Supplementary Tables 1A and 1B ). These genes included 22 cytochrome P450s, 34 LRR proteins, two HSPs, 13 peroxidases, and 13 WRKYs (Supplementary Tables 1A  and 1B) . By day 15, we identified 105 DEGs to be downregulated (Supplementary Table 1C ) and 151 DEGs to be up-regulated in the non-infested tolerant when compared to non-infested susceptible plants (Supplementary  Tables 1D) . Genes found to be up-regulated at this time point in the tolerant soybean included 12 cytochrome P450s, 17 LRR proteins, five HSPs, two peroxidases, and one WRKY. These data point to the differences in the transcriptomes of the susceptible and tolerant genotypes. The large differences in the DEGs suggest that tolerance could have some basis in elevated expression of stressameliorating proteins, such as peroxidases and cytochrome P450s and plausibly in stress-sensing proteins such as the WRKYs and LRR. Similar results have been reported in other studies (Ramm et al. 2013; Studham and Macintosh 2013) . GO analysis did not result in data enrichment.
Conclusions
This study has allowed us to utilize next-generation sequencing technology in order to more effectively query soybean plant responses to aphid feeding. Gutsche et al. (2009) reported DEGs assigned to several metabolic categories, including plant defense and scavenging of ROS in barley. This research finds several similarities in soybean, including genes whose roles are connected to plant defenses and the scavenging of ROS. Overall, this project provides a comprehensive dataset that allows us to characterize transcriptional changes in response to soybean aphid herbivory and provides a better understanding of the genes contributing to the tolerance response and the underlying tolerance mechanism.
